Complementary metal-oxide-semiconductor (CMOS)-compatible Ar + -implanted Si-waveguide p-i-n photodetectors operating in the mid-infrared (2.2 to 2.3 µm wavelengths) are demonstrated at room temperature. Responsivities exceeding 21 mA/W are measured at a 5 V reverse bias with an estimated internal quantum efficiency of 3.1%-3.7%. The dark current is found to vary from a few nanoamps down to less than 11 pA after post-implantation annealing at 350˝C. Linearity is demonstrated over four orders of magnitude, confirming a single-photon absorption process. The devices demonstrate a higher thermal processing budget than similar Si + -implanted devices and achieve higher responsivity after annealing up to 350˝C.
Introduction
As the maximum data rate of single-mode fiber reaches limits imposed by spurious optical nonlinearities, multiple efforts have been focused on methods to increase overall system capacity. For example, aggregate data rates of 1.6 Tb/s over 1 km have been demonstrated utilizing orbital angular momentum multiplexing [1] while even higher data rates of over 2 Pb/s have been demonstrated utilizing multicore fibers [2] . Efforts to increase capacity have also been applied to photonic integrated circuits, such as, for example, the use of multimode silicon waveguides to support an aggregate data rate of 60 Gb/s [3, 4] . In these examples, while spatial-mode-division multiplexing techniques were a key component to achieving the high capacities in each of these links, wavelength division multiplexing (WDM) also played a critical role. Thus, in order to continue satisfying data-rate demands, the focus should be on not only utilizing and improving recent multiplexing techniques, but also on improving more common techniques such as WDM. One straight-forward approach to achieving increased data rates for WDM is to expand into additional wavelength bands; this approach includes reaching further into the infrared, as demonstrated in [5] .
While the addition of long wavelengths offers the potential for increased capacity, it also offers some important challenges in realizing many of the components necessary for a high-performance guided-wave system. For example, recent advancements in thulium-doped fiber amplifiers have made possible the needed laser sources while the development of numerous passive Si photonic components working at wavelengths beyond 1.55 µm have extended basic Si circuits into the mid-infrared (2-2.5 µm) [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, other devices remain to be fully developed. For example, in the case of photodetectors (PDs), the large intrinsic band gap of Si has led to the development of multiple heterogeneous PD technologies [6, 7] capable of operating in this range; however, additional materials processing beyond what is done in a standard complementary metal-oxide-semiconductor (CMOS) fabrication line is required. An alternative, i.e., the class of ion-implanted Si PDs, which uses implant-induced vacancies, first showed promise operating at 1.55 µm [15, 16] including advances such as increased responsivities [17] and error-free data detection at 10 Gb/s [18] . These ion-implanted PDs have been utilized for wavelengths beyond 1.55 µm with the first demonstration of error-free detection of 1 Gb/s data at 1.9 µm [19] followed by 20 Gb/s operation at 1.96 µm [8] . Applications for these detectors can range from their use as auto-correlators [9] to fast power monitors [10] . Responsivities between 5 mA/W and 300 mA/W have been achieved [8, [12] [13] [14] . To date, the majority of these PDs have relied upon the Si divacancy defect for detection. However, overcoming the low thermal stability of the Si divacancy [20] [21] [22] [23] [24] remains a challenge for integrating these devices due to the low thermal processing budget after ion implantation; this low thermal budget limits any form of additional fabrication processing. Recently, Ar + implantation has been shown to have higher thermal stability than devices relying upon the divacancy defect [23] , and has the potential to alleviate the thermal stability issues while providing a route to a monolithic Mid-IR detection for silicon photonics.
In this work, we study the linearity, responsivity, and thermal stability of Ar + -implanted monolitihic Si-waveguide PDs over a 2.2-2.3 µm wavelength range and compare these devices with similar Si + -implanted devices. In particular, the Ar + devices show a higher optical absorption coefficient and higher thermal stability than similarly structured and implanted Si + devices while retaining similar internal quantum efficiencies (IQE). Our devices show a peak responsivity between 20 and 25 mA/W for a 3 mm long PD, using a reverse bias of 5 V; our results compare very favorably with the best performing Si + -implanted devices in the literature [8, [12] [13] [14] , and nearly double the peak responsivity seen for similar Si + -implanted devices operating under the same conditions.
Materials and Methods

Fabrication
The Si-waveguide p-i-n devices were fabricated at MIT Lincoln Laboratory using the procedure discussed in [16] . Each device consisted of a Si channel waveguide with dimensions of 520ˆ220 nm. The diode portion of the devices consisted of the channel waveguide with the addition of 50 nm high "wings" doped in the p + (boron), n + (phosphorus) and p, n regions to concentrations of 10 19 cm´3 and 10 18 cm´3, respectively. As indicated in Figure 1 , the p and n regions were located near the channel waveguide, with a total length of approximately 200 nm. Adjacent to the p and n regions were p + and n + regions, respectively, upon which the electrical contacts were placed. The contacts consisted of a 300 nm Al layer on a 10 nm W adhesion layer. Light was coupled onto and off the chip through 5 µm-wide fan-out tapers. The waveguides were adiabatically tapered both to the couplers, going from 5 µm to 520 nm over a propagation length of 450 µm, and then into the p-i-n waveguide section, which contained "wings" over 100 µm in length.
To pattern the photodiodes, the device array was then masked using photolithography and a 1 µm layer of Shipley S1811 resist with openings of 250 µm and 3 mm over the p-i-n diode section of the devices. The devices were then subsequently implanted with Ar + at an energy of 240 keV.
Unlike the Si + -implanted devices previously fabricated in [12] or the Zn + -implanted devices in [13] , the Ar + implantation energy was chosen to place both the peak of the defect density and the peak Ar ion concentration in the waveguide. In previously fabricated Si + -implanted devices, the energy was chosen to place the peak of the defect density in the center of the waveguide [24] resulting in a large portion of the Si ions in the substrate. However, since the vacancies are highly mobile at the annealing temperatures used in [20] , a nearly uniform distribution of defects and Ar ions throughout the channel section of the waveguide was expected after the annealing process. The exact ion energies and doses chosen for the implantation step were based on prior reports of ion-induced defects [12, 23, 24] and Stopping Range of Ions in Matter (SRIM) calculations [25] . Figure 1b shows the results of the SRIM calculations for both the initial (pre-annealing) defect profile and the Ar + -ion profile overlapping with the modal intensity calculated at the center of the channel waveguide. Post-processing after the initial implantation exposed the chips to a temperature of approximately 80˝C, at which initial device parameters were measured. Subsequent annealing steps started at 150˝C for 10 min in an ambient atmosphere, after which the device measurements were repeated. Further annealing was conducted at temperatures of 200˝C, 250˝C, 300˝C, and 350˝C, again for 10 min in atmosphere at each step, with the final annealing temperature limited by the reflow temperature of the Al electrical contacts. Following each anneal, the device parameters were again measured. To pattern the photodiodes, the device array was then masked using photolithography and a 1 µm layer of Shipley S1811 resist with openings of 250 µ m and 3 mm over the p-i-n diode section of the devices. The devices were then subsequently implanted with Ar + at an energy of 240 keV.
Unlike the Si + -implanted devices previously fabricated in [12] or the Zn + -implanted devices in [13] , the Ar + implantation energy was chosen to place both the peak of the defect density and the peak Ar ion concentration in the waveguide. In previously fabricated Si + -implanted devices, the energy was chosen to place the peak of the defect density in the center of the waveguide [24] resulting in a large portion of the Si ions in the substrate. However, since the vacancies are highly mobile at the 
Experimental Setup
An external-cavity Cr 2+ :ZnSe laser, which could be tuned across a wavelength range from λ = 2.2 to 2.4 µm, served as the optical source for detector measurements. Power from the laser was coupled into a standard single-mode fiber (SMF) patch cord utilizing a fiber collimator. The patch cord ran through a polarization rotator (PR) which was connected to a lens-tapered-fiber (LTF) with a 2.5 µm spot size at 1550 nm to couple light onto the chip via the fan-out tapered coupler into the waveguide and then to the Ar + implanted p-i-n diode region. The PR was used to ensure that the light was polarized to excite the TE mode in the waveguide, providing maximum modal overlap with the implanted region of the device. Light was coupled out of the PD in a retrograde manner, going from the fan-out taper to the LTF and then into a Yokogawa AQ6375 infrared optical spectrum analyzer (OSA) for power measurement.
Prior to taking measurements, the system losses were characterized, including losses through the patch cord, the LTFs, the couplers, and any waveguide section, prior to reaching the detector. Optical input power was measured at the connection of the SMF patch cord and the LTF with our infrared OSA. Optical output power was coupled out of the chip using a LTF, and was measured at the end of a 1 m section of SMF patch cord by the OSA. Waveguide and PD losses were characterized utilizing the cutback method on varying lengths of waveguide sections and un-implanted PDs. Five consecutive measurements were done on multiple devices for each chip to calculate an average total loss and standard deviation. Loss was initially measured in dB and then converted to the appropriate ratio of P out /P in prior to averaging and thus finding the standard deviation; this measurement assumed a normally distributed error versus a log-normal distribution. The results gave a total loss prior to the PD, including LTF loss, coupling loss, and waveguide loss. The total input optical power losses prior to the PD was 11.2˘0.76 dB for these devices. Figure 2a shows the photocurrent and dark current for the 250 µm device after annealing to 300˝C and then to 350˝C, which were the temperatures that were found to show the highest responsivity. These annealing temperatures resulted not only in an increase in responsivity, but also in a decrease in dark current by over two orders of magnitude from the initial measurements taken after annealing at 80˝C. Further, when the bias voltage was reduced to 0 V, these devices had 41% of the measured photocurrent compared to that obtained at a bias of 5 V, while the dark current dropped to less than 11 pA, resulting in over a six order of magnitude difference between the photo-and the dark current. With such low dark currents and high responsivities, these detector circuits are ideal for use in applications such as ring resonator stabilization [26] . 
Results
Experimental Setup
An external-cavity Cr 2+ :ZnSe laser, which could be tuned across a wavelength range from λ = 2.2 to 2.4 µ m, served as the optical source for detector measurements. Power from the laser was coupled into a standard single-mode fiber (SMF) patch cord utilizing a fiber collimator. The patch cord ran through a polarization rotator (PR) which was connected to a lens-tapered-fiber (LTF) with a 2.5 µ m spot size at 1550 nm to couple light onto the chip via the fan-out tapered coupler into the waveguide and then to the Ar + implanted p-i-n diode region. The PR was used to ensure that the light was polarized to excite the TE mode in the waveguide, providing maximum modal overlap with the implanted region of the device. Light was coupled out of the PD in a retrograde manner, going from the fan-out taper to the LTF and then into a Yokogawa AQ6375 infrared optical spectrum analyzer (OSA) for power measurement.
Prior to taking measurements, the system losses were characterized, including losses through the patch cord, the LTFs, the couplers, and any waveguide section, prior to reaching the detector. Optical input power was measured at the connection of the SMF patch cord and the LTF with our infrared OSA. Optical output power was coupled out of the chip using a LTF, and was measured at the end of a 1 m section of SMF patch cord by the OSA. Waveguide and PD losses were characterized utilizing the cutback method on varying lengths of waveguide sections and un-implanted PDs. Five consecutive measurements were done on multiple devices for each chip to calculate an average total loss and standard deviation. Loss was initially measured in dB and then converted to the appropriate ratio of Pout/Pin prior to averaging and thus finding the standard deviation; this measurement assumed a normally distributed error versus a log-normal distribution. The results gave a total loss prior to the PD, including LTF loss, coupling loss, and waveguide loss. The total input optical power losses prior to the PD was 11.2 ± 0.76 dB for these devices. Figure 2a shows the photocurrent and dark current for the 250 µm device after annealing to 300 °C and then to 350 °C, which were the temperatures that were found to show the highest responsivity. These annealing temperatures resulted not only in an increase in responsivity, but also in a decrease in dark current by over two orders of magnitude from the initial measurements taken after annealing at 80 °C. Further, when the bias voltage was reduced to 0 V, these devices had 41% of the measured photocurrent compared to that obtained at a bias of 5 V, while the dark current dropped to less than 11 pA, resulting in over a six order of magnitude difference between the photo-and the dark current. With such low dark currents and high responsivities, these detector circuits are ideal for use in applications such as ring resonator stabilization [26] . The linearity of the implanted detectors was measured after a 250˝C and then a 350˝C annealing temperature over a four order of magnitude variation in optical power as seen in Figure 2b . From Figure 3b , the Ar + -implanted devices demonstrated no loss in responsivity after the 250˝C anneal as was seen in the Si + -implanted devices, initiating the more thorough linearity measurements done here, with measurements taken at 300˝C and 350˝C with the 350˝C data presented. The linearity of the implanted detectors was measured after a 250 °C and then a 350 °C annealing temperature over a four order of magnitude variation in optical power as seen in Figure 2b . From Figure 3b , the Ar + -implanted devices demonstrated no loss in responsivity after the 250 °C anneal as was seen in the Si + -implanted devices, initiating the more thorough linearity measurements done here, with measurements taken at 300 °C and 350 °C with the 350 °C data presented. and Si + -implanted PDs. Unlike the peak seen in responsivity for Si + -implanted devices, the responsivity of Ar + devices increases with higher temperature annealing [12] . Due to Al reflow as discussed in the text, we are unable to determine the maximum annealing temperature.
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Experimental Results
Responsivity was measured both for variations in bias voltage and annealing temperature, as shown in Figure 3a ,b. Responsivity was calculated as ℜ = ℎ /( ± ∆ ), where Iphoto is the illuminated current minus the dark current, and Pinc was the calculated average incident power on the photodiode that was found by subtracting out the system losses, as discussed above. The error bars were calculated using propagation of error rules and based on the standard deviation of the input power, as determined from the above measurements.
The responsivity vs. annealing temperature (as seen in Figure 3b ) for the Ar + -implanted devices is plotted with the same data as provided in [12] for Si + -implanted devices. As seen in [23] for 1550 nm, the Ar + -implanted devices generally showed increasing responsivity with increasing annealing temperature and lack the characteristic peak at 200 °C seen in the Si + -implanted devices. Note that during measurements, an anomaly was found for the 3 mm device such that the responsivity after annealing at 350 °C was significantly lower than the responsivity after annealing at 300 °C. After inspection of the device, it was found that the waveguide was mechanically damaged; as a result the additional measurements below were made using the 250 µ m waveguide device. Figure 4 shows the responsivity of the 250-µm-long PD after annealing at 350 °C, as measured over wavelengths from 2.2 µ m to 2.3 µ m. Consistent with results reported for other implanted devices [8, 12, 13] , the measured responsivity showed a significant decrease with increasing wavelength, i.e., decreasing by more than 6 dB as the wavelength increased from 2.2 µ m to 2.3 µ m.
The IQE at 2.2 µ m was calculated for the devices utilizing the measured parasitic losses, modal absorption coefficients and the responsivities following the procedures in [9, 10] . The calculated IQE was found to be nearly equal for different PD types, with the 3 mm PD annealed at 300 °C having a quantum efficiency of 3.70 ± 0.70% and the 250 µ m PD annealed at 350 °C having a quantum efficiency of 3.11 ± 0.69%. These results compared favorably to the IQEs calculated in [12] for Si + -implanted devices, which were found to range from 2.7 ± 0.9% to 4.5 ± 1.1%. The reason for the increase in responsivity in the Ar + -implanted PDs compared to the Si + -implanted PDs is due to increased absorption. In particular, the Si + -implanted PDs have measured absorption coefficients ranging from ) and Si + -implanted PDs. Unlike the peak seen in responsivity for Si + -implanted devices, the responsivity of Ar + devices increases with higher temperature annealing [12] . Due to Al reflow as discussed in the text, we are unable to determine the maximum annealing temperature.
Responsivity was measured both for variations in bias voltage and annealing temperature, as shown in Figure 3a ,b. Responsivity was calculated as " I photo { pP inc˘∆ P inc q, where I photo is the illuminated current minus the dark current, and P inc was the calculated average incident power on the photodiode that was found by subtracting out the system losses, as discussed above. The error bars were calculated using propagation of error rules and based on the standard deviation of the input power, as determined from the above measurements.
The responsivity vs. annealing temperature (as seen in Figure 3b ) for the Ar + -implanted devices is plotted with the same data as provided in [12] for Si + -implanted devices. As seen in [23] for 1550 nm, the Ar + -implanted devices generally showed increasing responsivity with increasing annealing temperature and lack the characteristic peak at 200˝C seen in the Si + -implanted devices. Note that during measurements, an anomaly was found for the 3 mm device such that the responsivity after annealing at 350˝C was significantly lower than the responsivity after annealing at 300˝C. After inspection of the device, it was found that the waveguide was mechanically damaged; as a result the additional measurements below were made using the 250 µm waveguide device. Figure 4 shows the responsivity of the 250-µm-long PD after annealing at 350˝C, as measured over wavelengths from 2.2 µm to 2.3 µm. Consistent with results reported for other implanted devices [8, 12, 13] , the measured responsivity showed a significant decrease with increasing wavelength, i.e., decreasing by more than 6 dB as the wavelength increased from 2.2 µm to 2.3 µm.
The IQE at 2.2 µm was calculated for the devices utilizing the measured parasitic losses, modal absorption coefficients and the responsivities following the procedures in [9, 10] . The calculated IQE was found to be nearly equal for different PD types, with the 3 mm PD annealed at 300˝C having a quantum efficiency of 3.70˘0.70% and the 250 µm PD annealed at 350˝C having a quantum efficiency of 3.11˘0.69%. These results compared favorably to the IQEs calculated in [12] for Si + -implanted devices, which were found to range from 2.7˘0.9% to 4.5˘1.1%. The reason for the increase in responsivity in the Ar + -implanted PDs compared to the Si + -implanted PDs is due to increased absorption. In particular, the Si + -implanted PDs have measured absorption coefficients ranging from 31 to 66 dB/cm, while the Ar + -implanted PDs have measured absorption coefficients ranging from 115 to 156 dB/cm. 
Discussion and Conclusions
Integrated Ar + -implanted Si-waveguide photodetectors have been demonstrated and characterized for use in the mid-IR. While similar detectors have been demonstrated utilizing B, Si, and Zn ion implantation [7, [9] [10] [11] , the Ar + -implanted devices have demonstrated improved low bias (~5V or less) operation. The responsivities of these Ar + -implanted devices were measured to be as high as 21.3 mA/W at a wavelength of 2200 nm and with a 5 V reverse bias; to the best of our knowledge this is the highest responsivity reported at this wavelength and bias for ion-implanted Siwaveguide photodiodes. The PDs also displayed excellent characteristics at even lower biases, retaining 41% of their responsivity in reducing the bias from 5 V to no bias while also maintaining very low dark currents. For example, the minimum dark current (with the waveguide exposed to ambient room light) was 11 pA at a 0 V bias, and only 5 nA at a 5 V bias. In addition, the measured IQEs were found to be similar to previously reported Si + -implanted PDs, with the increases in responsivity being attributed to increases in the absorption coefficient, another key characteristic necessary for decreasing device lengths. Although these responsivities are significantly lower than values reported for heterogeneously integrated detectors based on binary materials, their simple fabrication procedure, low dark current, and CMOS compatibility make these devices desirable for a variety of integrated Si photonic systems operating in the mid-infrared.
Our results above are also consistent with previously measured absorption properties of Ar + -implanted Si, which is known to have defects with an energy level spectrum that is similar to that of the Si divacancy defect [23] . However, note that these Ar + -implantation induced defects have shown higher thermal stability than that of the Si divacancy defect and in fact anneal out at temperatures greater than 350 °C [23] , consistent with the above results showing improved detection at annealing temperatures of 300 °C and 350 °C. With higher thermal stability, our devices allow for an increased thermal budget post processing, thus offering more flexibility in device fabrication.
Although many of these ion implanted PDs have demonstrated improved performance when operating in the avalanche regime [8, 27] , we did not see any indication of improved performance with higher biases on these or in our previous work with Si + -implanted PDs [12] . The lack of clear avalanche multiplication is believed to be due to the device structure and implantation, as there was significant overlap in the doped "wings" of the device and the implantation region. Further research will work towards better fabrication tolerances to prevent overlapping between doped "wing" region and ion implantation region.
While this study covered the basic operating parameters of these devices, there are still several areas to continue to examine. One key limitation was in the design of the PD; the Al contacts limited the maximum annealing temperature to 350 °C, with reflow starting to occur at a temperature of 400 °C. 
Integrated Ar + -implanted Si-waveguide photodetectors have been demonstrated and characterized for use in the mid-IR. While similar detectors have been demonstrated utilizing B, Si, and Zn ion implantation [7, [9] [10] [11] , the Ar + -implanted devices have demonstrated improved low bias (~5 V or less) operation. The responsivities of these Ar + -implanted devices were measured to be as high as 21.3 mA/W at a wavelength of 2200 nm and with a 5 V reverse bias; to the best of our knowledge this is the highest responsivity reported at this wavelength and bias for ion-implanted Si-waveguide photodiodes. The PDs also displayed excellent characteristics at even lower biases, retaining 41% of their responsivity in reducing the bias from 5 V to no bias while also maintaining very low dark currents. For example, the minimum dark current (with the waveguide exposed to ambient room light) was 11 pA at a 0 V bias, and only 5 nA at a 5 V bias. In addition, the measured IQEs were found to be similar to previously reported Si + -implanted PDs, with the increases in responsivity being attributed to increases in the absorption coefficient, another key characteristic necessary for decreasing device lengths. Although these responsivities are significantly lower than values reported for heterogeneously integrated detectors based on binary materials, their simple fabrication procedure, low dark current, and CMOS compatibility make these devices desirable for a variety of integrated Si photonic systems operating in the mid-infrared.
Our results above are also consistent with previously measured absorption properties of Ar + -implanted Si, which is known to have defects with an energy level spectrum that is similar to that of the Si divacancy defect [23] . However, note that these Ar + -implantation induced defects have shown higher thermal stability than that of the Si divacancy defect and in fact anneal out at temperatures greater than 350˝C [23] , consistent with the above results showing improved detection at annealing temperatures of 300˝C and 350˝C. With higher thermal stability, our devices allow for an increased thermal budget post processing, thus offering more flexibility in device fabrication.
While this study covered the basic operating parameters of these devices, there are still several areas to continue to examine. One key limitation was in the design of the PD; the Al contacts limited the maximum annealing temperature to 350˝C, with reflow starting to occur at a temperature of 400˝C. Future studies will look at annealing beyond 350˝C to further characterize the device parameters after higher temperature annealing. Device fabrication parameters also need to be studied to optimize performance. The parameters chosen for implantation energy and dose were based on SRIM calculations and our previous work with Si + -implantation. With an in-depth parametric study of implant dose and energy, device performance should continue to improve.
